Leptin has profound effects on adipose tissue metabolism. However, it remains unclear whether direct leptin signaling in adipocytes is involved. We addressed this question by transplanting inguinal adipose tissue stromal vascular cells (SVCs) from 4-to 5-wk-old wild-type (WT) and leptin receptor-deficient [Lepr db/db (db)] mice to inguinal and sternal subcutaneous sites in Ncr nude mice. Both WT and db SVCs gave rise to mature adipocytes with normal morphologies 3 mo after the transplantation. The average adipocyte size (m 2 /cell) was not significantly different between WT and db transplants at either the inguinal (1,630 Ϯ 103 vs. 1,491 Ϯ 74) or the sternal site (1,788 Ϯ 107 vs. 1,596 Ϯ 92). Expression levels of ␤ 3-adrenergic receptor, a major mediator of lipid mobilization, were indistinguishable between WT and db transplants and similar to those of the hosts. Additionally, adipocyte sizes of inguinal transplants and endogenous inguinal adipose tissues were closely correlated (␤ ϭ 0.76, P Ͻ 0.001), suggesting that the metabolic milieu of host mice has significant effects on adipocyte size of the transplants. Contrary to the indifference to donor's Lepr genotype, adipocyte size of the transplants was significantly affected by the donor's sex in a leptin receptor-dependent manner. In WT transplants, female SVCs gave rise to smaller adipocytes than male SVCs (1,358 Ϯ 127 vs. 2,133 Ϯ 171, P Ͻ 0.05). However, this sex difference was not significant in db transplants (1,537 Ϯ 121 vs. 1,655 Ϯ 140, P ϭ 0.22). These data suggest that: 1) long-form receptor-mediated direct leptin signaling has no significant cell-autonomous effect on adipocyte differentiation and metabolism in adult mice, 2) sex may affect adipocyte metabolism via genetic and/or epigenetic programming, and 3) leptin may potentiate sexual dimorphism in adipocyte metabolism.
␤ 3-adrenergic receptor; sex; genetic and epigenetic programming; adipocyte progenitor cells; db mutation LEPTIN, A HORMONE PRODUCED primarily by adipocytes, has profound effects on systemic energy balance and adipose tissue metabolism (48, 95) . Leptin administration decreases food intake and increases energy expenditure, resulting in preferential reduction of fat mass in both wild-type (WT) and leptindeficient (Lep ob/ob ) mice (12, 36, 61) . The mechanism by which leptin exerts these effects has been a subject of intensive research. The central nervous system (CNS) is believed to be the primary site of action through which leptin exerts its effect on food intake and energy expenditure (2, 12, 18, 24, 71) . Recent studies indicate that leptin also regulates lipid metabolism in adipocytes through neuronal and/or neuroendocrine mechanisms, increasing lipolysis via sympathetic activation and decreasing lipogenesis by activating phosphoinositol-3 kinase in the CNS (11, 62, 72) . However, whether direct leptin signaling in adipocytes contributes to the overall antilipogenic effect of leptin under the physiological conditions remains unclear.
Among the known isoforms of the leptin receptor, the long-form receptor (or Rb) is responsible for mediating leptin signaling via the JAK-STAT pathway and is the primary mediator of the metabolic effects of leptin (15, 16, 47, 80) . Expression of the Rb isoform has been detected in many tissues, including adipose tissues [both adipocytes and stromal vascular cells (SVCs)], although levels of Rb expression are much lower in adipose tissues compared with those in the hypothalamus (15, 47) . Treatment of cultured adipocytes and adipose tissue explants with leptin acutely stimulates lipolysis and fatty acid oxidation, in part by activation of AMP-activated kinase (30, 56, 73, 87, 97) . However, leptin is ineffective in eliciting these effects in adipose tissue explants from leptin receptor-deficient (Lepr db/db ) mice, which lack the Rb isoform (15, 47) . Exogenous leptin administration or overexpression of leptin by recombinant adenovirus in rats reduces triglyceride content in adipocytes of denervated fat pads (69, 88) , suggesting that direct leptin action in adipocytes may play a role in mediating antilipogenic effects of leptin under these circumstances. However, we have shown that in the presence of an intact Lepr gene in the CNS, selective inactivation of the signaling function of the leptin receptor in peripheral tissues and organs that include adipose tissue, liver, intestine, and pancreas has no significant effects on systemic energy balance and adipose tissue metabolism in mice (34) . No changes in adipose tissue mass, adipocyte size, or expression levels of several key adipokines and metabolic genes, including leptin, adiponectin, ␤ 3 -adrenergic receptor (␤ 3 -AR), and fatty acid synthase, are detected in this knockout mouse model (34) . These data suggest that direct leptin signaling in adipocytes may not be important in maintaining normal energy homeostasis or adipose tissue metabolism under the physiological conditions.
In this study, we employed preadipocyte transplantation experiments to further investigate whether a lack of the Rb receptor in preadipocytes/adipocytes affects adipose differentiation and metabolism when the cells are transplanted to normal host mice with an intact leptin signaling system. Preadipocytes, such as those found in the stromal-vascular fraction of adipose tissue (SVC) or immortalized 3T3-F442A cells, are capable of adipocyte differentiation when transplanted to immunodeficient or allogeneic mice (33, 37, 51, 98) . We took the transplantation approach in this study for the following two reasons. First, transplanted preadipocytes are expected to achieve full adipocyte differentiation in vivo, whereas induced adipose differentiation of SVCs or 3T3-F442A cells is usually incomplete in vitro (33, 51) . Cultured 3T3-F442A adipocytes are multilocular and express only Ͻ 1% of normal tissue levels of leptin, a marker of mature adipocytes (33, 51) . In contrast, transplanted 3T3-F442A cells are able to differentiate into unilocular adipocytes that express leptin at levels comparable to those in normal tissues (51) . Second, in contrast to in vitro experiments in which only acute effects of leptin can be examined, transplantation experiments allow long-term effects of direct leptin signaling in adipocytes to be examined under physiological circumstance. In this study, we used SVCs isolated from inguinal adipose tissues of Lepr ϩ/ϩ and Lepr db/db mice (both male and female) as donors of SVCs, and male Ncr nude mice as hosts for the SVCs. Ncr nude mice, which are deficient in T cell-mediated immunity, have been widely used as hosts for tumor transplantation and 3T3-F442A preadipocyte transplantation (51, 96) . Ncr nude mice display normal energy balance despite being hairless and athymic. Body weight, body fat mass, and plasma concentrations of insulin and leptin are similar between Ncr nude mice and WT C57BL/6J mice (See Supplemental Table 1 in the online version of this article.). Tissue morphology, adipocyte size, and expression level of ␤ 3 -AR of the transplants were examined. While our results suggest that direct leptin signaling in adipocytes has no significant effect on adipocyte differentiation and metabolism in adult mice, leptin signaling may be required for the development of sex-related differences in adipocyte size.
MATERIALS AND METHODS
Animal husbandry. Ncr-nude mice (Nu/Nu) were purchased from Taconic (Hudson, NY). C57BL/6J Lepr db/ϩ mice and C57BL/6-Tg (ACTbEGFP) 1Osb/J mice were obtained from the Jackson Laboratory (Bar Harbor, Maine). The green fluorescent protein (GFP) transgene in 57BL/6-Tg (ACTbEGFP) 1Osb/J mouse is under the control of ␤-actin promoter and is expressed in many tissues of the donor mice, including mature adipocytes. Pups were weaned at the age of 3 wk, separated according to sex, and maintained in a barrier facility (12:12-h light-dark cycle) with ad libitum access to water and rodent breeder chow (rodent chow 5058; PicoLab). Mice carrying transplants were also maintained in the barrier facility with ad libitum access to rodent breeder chow and water. All animal experimentation was conducted in accordance with accepted standards of humane animal care, and all protocols were approved by the Columbia University Institutional Animal Care and Use Committee.
Generation of donor mice. C57BL/6J Lepr db/ϩ mice were mated with C57BL/6-Tg (ACTbEGFP) 1Osb/J mice to generate C57BL/6J Lepr db/ϩ mice that carry one copy of the GFP transgene, which were then mated with C57BL/6J Lepr db/ϩ mice to generate GFP-transgenic and nontransgenic Lepr ϩ/ϩ and Lepr db/db mice (WT and db). Homozygous db and WT pups were identified using a PCR-based genotyping method as previously described (45) . GFP transgenic mice were identified by their green fluorescent feet under a hand-held UV lamp (model UVM-57, UVP, Upland, CA).
Isolation and expansion of adipose tissue SVCs. SVCs were isolated from inguinal adipose tissues of 4-to 5-wk-old littermates by collagenase digestion as previously described (35) . Adipose tissues from 8 -10 mice were pooled for SVC isolation. Red blood cells were removed by resuspending SVCs in ice-cold erythrocyte lysis buffer for 10 min (0.154 M NH 4Cl, 10 mM KHCO3, and 0.1 mM EDTA). Washed SVCs were then cultured in DMEM supplemented with 10% fetal bovine serum and 100 IU/ml penicillin and streptomycin in the presence of 5% CO 2 at 37°C for a total of 7-8 days (3 passages). The initial plating density was ϳ0.04 million cells/cm 2 or 1.2 million cells/60-mm dish. Cultured SVCs were trypsinized (passed) every 2-3 days when they reached confluence. The primarily purpose of the in vitro culture was to expand SVCs and to remove damaged and nonadherent cells. Such in vitro expansion has no significant effects on the ability of adipocyte progenitor cells to undergo adipocyte differentiation in vivo or in vitro (84) . WT and db SVCs were processed in parallel by following the same isolation and expansion protocols, and the same numbers of cells were transplanted. Rates of in vitro adipocyte differentiation of cultured SVCs were assessed as previously described (93) . Briefly, confluent cultures of SVCs were treated with rosiglitazone (1 g/ml), a potent proliferator-activated receptor-␥ agonist, in DMEM supplemented with insulin and fetal bovine serum for 3 days followed by an additional 9-day culture in the same supplemented DMEM without rosiglitazone. At the end of the 12-day culture, cells were fixed and stained for cellular lipids with oil-red-O. No significant difference in the rates of proliferation or in vitro adipose differentiation was observed between the two groups (WT vs. db or male vs. female) (see online Supplemental Fig. 1 ). These results are consistent with earlier observations that leptin has no direct effects on the proliferation and adipocyte differentiation of rat primary SVCs (85) . At the end of the in vitro expansion, SVCs were harvested in the culture medium (50 million cells/ml) for transplantation.
Transplantation of adipose tissue SVCs in athymic nude mice. Cultured adipose tissue SVCs were injected subcutaneously using 23-gauge needle syringes into either the inguinal (2.5 million SVC/ site) or the sternal site (5-10 million SVCs/site) in 8-wk-old male Ncr nude mice under anesthesia. GFP-transgenic WT and db SVCs were transplanted pairwise to the contralateral inguinal sites of the same host mouse for comparison. Transplanted cells were distinguished from endogenous adipocytes by the expression of the donor-specific GFP transgene. Both GFP transgenic and nontransgenic SVCs were used for transplantations at the sternal site, where there was no endogenous adipose tissue. Each host mouse received one sternal transplant (sTx) . Both inguinal transplants (iTxs) and sTxs were allowed to grow for 3 mo before they were excised for characterization. All transplants were collected in the basal state (after a 5-h food deprivation during the light cycle) immediately after euthanasia. For histological analysis, transplants and endogenous adipose tissues were fixed in 4% paraformaldehyde-PBS for paraffin-embedding and tissue section.
Histological characterization of transplants and endogenous adipose tissues. Consecutive tissue sections (12-to 15-m thick) were used for hematoxylin and eosin staining, and immunostainings of GFP (anti-GFP antibody; Clontech Laboratories, Mountain View, CA) and ␤ 3-AR antibody (Santa Cruz Biotechnology, Santa Cruz, CA). GFP immunostaining was carried out by following the protocol recommended by the manufacturer. For ␤3-AR immunostaining, db and WT inguinal transplants from the same host or native inguinal adipose tissues of Lepr ϩ/ϩ and Lepr db/db mice were paired and processed on the same slide. All samples were processed in a single batch, and the time for final color development was kept the same for all samples. The intensity of ␤3-AR immunostaining on the plasma membrane of adipocytes was quantified by densitometry in a manner similar to that described by Masliah et al. (53) . Briefly, plasma membranes of similar widths were chosen and random areas of the plasma membrane were boxed. The optical densities of the boxed areas were then determined by densitometry (Quantity One; Bio-Rad, Hercules, CA). To avoid potential bias, the quantitative analysis was done in a blind fashion. The average adipocyte ␤3-AR immunoreactivity for each tissue specimen was derived from measurements of at least 50 adipocytes.
Determination of adipocyte size of transplants and endogenous adipose tissues. Digital images of hematoxylin and eosin-stained tissue sections were used for adipocyte size analysis with Image Pro Plus Program (IPP; Media Cybernetics, Bethesda, MD). IPP is able to measure the cross-sectional area and roundness of each adipocyte and tallies the number of total adipocytes measured for each tissue section. We set the lower and upper limits of acceptable values for the cross-sectional area of an adipocyte to exclude extremely small or large circular areas that did not correspond to adipocytes. We also set the acceptable range of a roundness index between 0 and 3 to exclude adjacent adipocytes with damaged plasma membrane rim, which would be otherwise counted by IPP as one cell with the roundness index less than 3. By setting the acceptable ranges for the crosssectional area and roundness, we were able to eliminate most, if not all, artificial counts that did not correspond to adipocytes. The remaining artificial counts were toggled off manually. The average adipocyte size [expressed as the average cross-sectional area per cell (m 2 /cell)] of each transplant or tissue sample was calculated based on the values of at least 200 adipocytes. To convert IPP readouts to the corresponding metric values, we measured cell sizes of a group of isolated adipocytes using both micrometer ruler and IPP as described (4, 94) , and related the two sets of data to obtain a conversion formula, area in m 2 /cell ϭ 0.565 ϫ IPP readout (arbitrary units) ϩ 449 (see online Supplementary Fig. 2 ). The correlation coefficient between the two sets of measurements was 0.999 (P Ͻ 0.001).
Statistical analysis. Statistical analyses were performed using Statistica V6 (StatSoft, Tulsa, OK). All data are expressed as means Ϯ SE. Paired t-tests were used to assess effects of Leprgenotype of donor SVCs on adipocyte size and ␤ 3-AR expression levels in paired WT and db inguinal transplants and in native inguinal adipose tissues of the WT and db mice. Multiple regression analysis was used to assess effects of endogenous adipocyte size of hosts and Lepr-genotype of donor SVCs on adipocyte size of inguinal transplants. Factorial ANOVA was used to assess effects of the Lepr genotype, sex of donors, and the interactions of the two on adipocyte size in sTxs, which include transplants derived from donors of either sex. Post hoc Tukey tests were used to determine genotype effects within a specific sex group or sex effects within a specific genotype group.
RESULTS
Transplanted adipose tissue SVCs develop normally into mature adipose tissues at sternal and inguinal subcutaneous sites of host mice. In mice carrying sTxs, the transplants became visible underneath the skin between 1-2 mo posttransplantation, and remained visible during a 6-mo follow-up (data not shown). The gross morphology of excised sTx was similar to that of endogenous inguinal adipose tissues (iAT), except that the transplants contained more visible blood vessels (Fig. 1A) . iTxs were usually found embedded in the endogenous inguinal fat pads, and were slightly redder than the surrounding endogenous fat tissues because of more extensive vascularization (Fig. 1B) . Mature adipocytes of sTx (Fig. 1C) and iTx (Fig.  1D) were histologically indistinguishable from those of endogenous iAT (Figs. 1, D and E) . In the inguinal fat pads that carried iTx, GFP-positive adipocytes were found clustered together and embedded in the endogenous fat tissue sometimes bordered by a layer of thickened connective tissue (Fig. 1D) . When GFP-positive SVCs were transplanted in the sternal site, all of the mature adipocytes in the resultant sTx were GFPpositive (data not shown). These results suggest that there was no recruitment of host adipocyte progenitor cells to transplantation sites.
Deficiency of direct leptin signaling does not affect adipocyte size or ␤ 3 -AR expression in transplants.
To evaluate the physiological role of direct leptin signaling in regulating adi- pocyte differentiation and metabolism, we generated and characterized paired inguinal transplants derived from SVCs isolated from GFP-transgenic WT C57BL/6J (WT) and Lepr db/db (db) littermates. The gross morphology of WT and db iTx was not significantly different (Figs. 2, A and B) . To assess the overall effect of direct leptin signaling on triglyceride accumulation, we measured adipocyte size of iTx and the corresponding endogenous iAT using Image-Pro-Plus (IPP). Adipocyte size (m 2 /cell) of db transplants (iTx-db; 1,491 Ϯ 74) was not significantly different from that of WT transplants (iTx-WT; 1,630 Ϯ 103) (P ϭ 0.32 by paired t-test, n ϭ 8 per group) (Fig.  2C) . Adipocyte sizes of WT and db transplants were both similar to those of endogenous adipocytes of the host (iAThost; 1,538 Ϯ 85) (Fig. 2, C and D 
To further assess the lack of difference in adipocyte size between db and WT transplants, we examined gene expression of ␤ 3 -AR in these transplants. ␤ 3 -AR is the primary mediator of sympathetic regulation of lipid mobilization in both white and brown adipose tissues (5, 21, 50, 78 rats (44, 91) . To determine whether a lack of direct leptin signaling in adipocytes affects ␤ 3 -AR expression, we quantified and compared ␤ 3 -AR immunostaining on plasma membrane of mature adipocytes in the paired WT and db inguinal transplants (iTx-WT and iTx-db, respectively), and in the endogenous inguinal adipose tissues of host nude mice (iAThost) (Fig. 3, A-C) . ␤ 3 -AR immunostaining levels were not significantly different between iTx-WT and iTx-db (Fig. 3F ) and were significantly correlated between the transplants and the endogenous iAT of host mice [r ϭ 0.73, P Ͻ 0.05 (iTx-db) and r ϭ 0.82, P Ͻ 0.05 (iTx-WT), Fig. 3G ]. In contrast, ␤ 3 -AR density was 45% lower in the native iATs of Lepr db/db mice (iAT-db) compared with that of the WT mice (iAT-WT) (P Ͻ 0.01) (Figs. 3, D-F) , suggesting that leptin signaling may affect adipocyte ␤ 3 -AR expression indirectly. The apparent lack of direct leptin signaling effect on adipocyte ␤ 3 -AR expression is consistent with the lack of direct leptin signaling effect on adipocyte size and metabolism.
Sex of SVC donors influences adipocyte size in WT transplants.
Sex and/or gonadal steroids have significant effects on adipose tissue metabolism (25, 39, 41, 58) . Sexual dimorphism in the regulation of adipocyte size and metabolism in humans and rodent models has been well documented (3, 49, 60) . Leptin signaling promotes sexual maturation (1, 52, 92) , and lack of leptin signaling function delays sexual maturation in both humans and rodents (20, 28, 57) . Therefore, we investigated potential effects of Lepr genotype, sex, and interactions between the two on adipocyte size of sTxs. SVCs from inguinal adipose tissues of male and female WT and Lepr db/db littermates were transplanted to the sternal site of male athymic nude mice and the transplants were excised 3 mo later for analysis. SVCs from both male and female donors all gave rise to fat tissues with similar gross tissue morphology. Figure 4 , A-D shows a set of representative sTxs derived from SVCs of the WT female and male mice (WT-F and WT-M) and Lepr db/db female and male mice (db-F and db-M). Adipocyte size of the transplants was again determined using IPP (Fig. 4E) . Multifactorial ANOVA was used to assess the effects of sex, Lepr genotype, and potential interactions between the two on adipocyte size of the sTxs in a data set that includes values of both sexes (n ϭ 18). The sex of donor SVCs had significant effects on the size of adipocytes (m 2 /cell) in the transplants [1,447 Ϯ 88 (female) vs. 1,937 Ϯ 110 (male) (F ϭ 12.1, P Ͻ 0.01) (Fig. 4E)] , and interactions between Lepr genotype and sex also had significant effects on adipocyte size of the transplants (F ϭ 7.0, P Ͻ 0.05). By post hoc analysis, adipocyte size of WT-F transplants (1,358 Ϯ 127) was significantly smaller than that of WT-M transplants (2,133 Ϯ 171) (P Ͻ 0.05 by post hoc Tukey test); there was no significant difference in adipocyte size between db-F (1,537 Ϯ 121) and db-M transplants (1,655 Ϯ 140) (P ϭ 0.82). These results suggest that sex difference in adipocyte size of transplants requires intact leptin signaling system in either the donor mice or the transplanted SVCs. Consistent with the results of inguinal transplants, Lepr genotype of SVCs had no significant effect on adipocyte size of sTxs (1,788 Ϯ 107, WT vs. 1,596 Ϯ 92, db; n ϭ 8 and 10, respectively) (Fig.  4E) . Adipocyte size of male sTxs were similar to those of inguinal transplants, which were all derived from male SVCs (Fig. 3G) . Post hoc tests confirmed that adipocyte size was not significantly different between WT and db sTx of either sex.
DISCUSSION
We have described a preadipocyte (SVC) transplantation method that enables distinction of cell autonomous vs. noncell autonomous effects on adipose tissue biogenesis and metabolism. Using this technique, we find that absence of the Rb isoform of the leptin receptor in preadipocytes/adipocytes has no significant effect on either the differentiation or the size of mature adipocytes in vivo. Tissue morphology and adipocyte sizes of mature adipocytes derived from Lepr db/db SVCs (db) were indistinguishable from those derived from the WT SVCs when the SVCs were transplanted to either inguinal or sternal subcutaneous sites of host mice with intact leptin signaling. Moreover, contrary to the markedly decreased expression of ␤ 3 -AR in the native adipose tissues of Lepr db/db mice, expression levels of ␤ 3 -AR in db transplants were normal and not significantly different from those of WT transplants, further supporting the inference that Rb-mediated signaling in adipocytes per se does not play a significant role in regulating adipocyte metabolism.
The similarities in tissue morphology, adipocyte size, and ␤ 3 -AR expression between inguinal transplants (either WT or db) and the endogenous inguinal adipose tissue of hosts suggest that environmental factors or the metabolic milieu of hosts dominates over the direct leptin signaling in determining adipocyte metabolism in the transplants. Our results are consistent with those of earlier studies. Meade et al. (55) have shown that when adipose tissues from the WT (lean) or Lepr db/db mice were transplanted to the sites underneath the kidney capsule of db/db and lean host mice, adipocytes in the transplants, regardless of their original sizes in donor mice, attained the sizes similar to those of endogenous adipocytes of the hosts mice within a month. Similarly, while ␤ 3 -AR expression is markedly decreased in the adipocytes of leptin-deficient ob/ob mice (22), adipocyte ␤ 3 -AR expression is not acutely regulated by leptin administration or denervation (70) , suggesting that leptin signaling influences ␤ 3 -AR expression indirectly (27, 38, 70) , possibly through changes in adiposity and/or levels of other hormones. We have previously shown that deletion of the signaling domain of the leptin receptor in multiple peripheral tissues and organs, including adipose tissue, liver, and pancreas, has no significant effect on energy balance in mice; adipose tissue mass, adipocyte size, and ␤ 3 -AR expression levels were not affected (34) .
Contrary to the results of in vivo studies (18, 24, 34) , leptin induces lipolysis and fatty acid oxidation in adipose tissue explants or cultured cells in vitro (30, 56, 73, 87, 97) . The apparent discrepancy may, in part, result from differences in the concentration of leptin, or more relevantly, of free leptin, which is the biologically active form (90) . Supraphysiological concentrations of leptin were used in some in vitro studies (73, 87, 97) . Even in the studies in which physiological concentrations of leptin were used (30, 73) , it is possible that concentrations of free leptin were much higher than those found in vivo, as the majority of circulating leptin exists as bound and biologically inactive forms under the normal physiological conditions in lean individuals (42, 59, 74) . It is also possible that while effects of direct leptin signaling on adipocyte metabolism are discernable in well-controlled in vitro experiments, they are insignificant relative to the effects exerted by central leptin action and other regulators in vivo.
We also observed significant sex-related differences in adipocyte metabolism in the sTxs. SVCs from female WT donors gave rise to smaller adipocytes than those from male WT donors. The difference in adipocyte size between male and female WT transplants is reminiscent of the sex-related difference observed in the native inguinal adipose tissues of the donor mice (C57BL/6J) (see online Supplemental Fig. 3) , underscoring the physiological relevance of the results. Although the present study appears to be the first to show a sex-related difference in adipocyte size of inguinal subcutaneous adipose tissues in C57BL/6J mice, several earlier studies have shown that in perigonadal fat pads, adipocyte size of virgin females is smaller than those of age-matching males in various rodent models (9, 40, 43, 75) . In Wistar rats, sexual dimorphism and depot-related differences in adipocyte size were also observed during normal growth and in response to caloric restriction (63) . During normal growth, increases in the size of inguinal subcutaneous fat pads were due primarily to adipocyte hypertrophy in male rats, but to adipocyte hyperplasia in female rats. However, when the rats were subjected to mild-to-moderate caloric restrictions, female rats defended fat cell number at the expense of fat cell size, whereas the converse was seen for male rats (63) . Clearly, understanding sexual dimorphism in the regulation of adipocyte size and number is of importance with regard to the regulation of body fat distribution and comorbidities of obesity (8, 13, 26, 65, 81 ).
The sex-related difference in adipocyte size of transplants is apparently a result of cell-autonomous function of the donor SVCs. The difference appears to be programmed in adipocyte progenitor cells prior to the adipose differentiation of transplanted SVCs in host mice, suggesting that genetic and/or epigenetic programming in adipocyte progenitor cells plays a role in the development of sexual dimorphism in adipocyte metabolism. Sexual dimorphisms in the structural organization and function of the brain have also been observed, and are believed to be due to both cell-autonomous fulfillment of sex-specific genetic programs and epigenetic effects of prenatal and early postnatal hormonal exposure (7, 10) . Thus, it is possible that sex-specific genetic and/or epigenetic programming, which may affect sensitivities to gonadal steroids or expression levels of key metabolic genes, such as lipoprotein lipase (3, 29, 54) , occurs in preadipocytes and/or their precursors, and persists in transplanted SVCs.
It is equally interesting to note that the manifestations of sex-related differences in adipocyte size appear to require normal leptin signaling activities in donor animals and/or their SVCs as such sex-related differences were absent in db transplants. Leptin is critically important in regulating sexual maturation via the hypothalamus (1, 20, 57) . It is possible that the deficiency of leptin signaling in Lepr db/db mice may prevent the sex-specific programming in adipocyte progenitor cells, which results in the lack of sexual dimorphism in adipocyte size in db transplants. However, it is also possible that the manifestation of the sex-related differences may require direct leptin signaling in SVCs prior and/or after transplantation. Cross-talk between the signaling pathways of leptin and estrogen, as demonstrated recently in the CNS (17, 31) , may exist in adipocytes and their progenitor cells. Finally, although direct leptin signaling has no significant effect on the overall metabolism in adipocytes, the results of this study do not rule out potential roles of leptin signaling in regulating other cellular functions or actions of other hormones. Additionally, other endocrine abnormalities (e.g., hyperinsulinemia, hyperglycemia, and hypercortisolemia) in the Lepr db/db mice, which may be more exaggerated in one sex than the other, may also contribute to genotype and sex interactions in the transplants (19) .
The source of mature adipocytes in the transplants was proven to be donors by the presence of donor-specific GFP transgene. However, only a small percentage (0.01-0.1%) of transplanted SVCs differentiated into mature adipocytes in vivo. Such a result is not surprising since SVCs are a mixed cell population and only a small faction of SVCs may be adipocyte precursors. Consistently, we observed only a small faction of SVCs undergoing adipose differentiation in vitro after the cells were treated with rosiglitazone (see online Supplemental Fig.  1 ). Rosiglitazone activates peroxisome proliferator activatedreceptor-␥, which is a key regulator of adipocyte differentiation (77, 82) . Recent studies have shown that adipocyte progenitor cells may reside in the vasculature of adipose tissue and comprise ϳ0.08% of total stromal vascular fraction of adipose tissue (67, 79) . The physiological condition of the host, such as the stress level and systemic energy balance, appears to have a major effect on the survival of transplanted SVCs. Size and number of mature adipocytes in the transplants recovered from different host mice varied significantly even when the same numbers of cells from the same SVC preparation were trans-planted. On the other hand, no consistent difference in the number of mature adipocytes between the WT and db transplants or between the female and male transplants was observed. It is worth noting, however, that the variation in the number of mature adipocytes in the transplants does not appear to affect the tight correlation in adipocyte size and ␤ 3 -AR level between the transplants and the endogenous adipose tissues of the hosts.
Our results also show that adult mice (8 wk or older) are fully capable of supporting adipogenesis of the transplanted SVCs without the aid of exogenous stimulatory drugs, consistent with the notion that adipogenesis in human adipose tissues continues throughout life under the normal physiological conditions (76) . There was little mosaicism of GFP-positive and GFP-negative adipocytes in either inguinal or sTxs. GFPpositive adipocytes clustered at the transplantation sites in the inguinal fat pads, and adipocytes in the sTxs were uniformly GFP-positive when GFP-transgenic SVCs were transplanted, suggesting that there was no recruitment of adipocyte progenitor cells of the host to transplantation sites. Thus, adipocyte progenitor cells are likely produced or stored locally for the continuous turnover of adipose tissue in vivo (79), unlike adipose tissue macrophages, which originate mainly from bone marrow cells (89) .
Adipose tissue transplants are biologically active and may affect adipose tissue cellularity and systemic energy metabolism of the host. Transplanting epididymal fat tissue of donor mice to subcutaneous sites of recipient mice, which leads to a 10% increases in adipose tissue mass in the hosts, decreases adipocyte size of the endogenous epididymal and retroperitoneal fat pads, but does not affect fat cell number in these fat pads (68) . However, fat transplantation-induced compensatory decreases in endogenous fat mass and adipocyte size were not observed in Siberian hamster (46) . Transplanting of the WT adipose tissue to Lep ob/ob mice also corrects the metabolic abnormalities in these mice, primarily by virtue of the production of leptin by the transplanted adipocytes (32). We did not observe any significant effects of transplants on the size and morphology of the surrounding endogenous adipocytes or any gross changes in energy-metabolism of the hosts. A likely explanation for this observation is that the masses of adipose tissue derived from transplanted SVCs were very small (10 -30 mg), accounting for less than ϳ1% of the total fat mass of the host vs. a 10% increase in the study by Rooks et al. (68) . Low transplant mass is, in fact, desirable in determining the potential metabolic effect of direct leptin signaling in the transplants.
Perspectives and Significance
Body fat distribution, independent of the overall adiposity, is an important determinant comorbidity of obesity; abdominal obesity is a component of metabolic syndrome and is associated with increased risk for diabetes and cardiovascular diseases (8, 26, 64, 66, 81) . The adverse consequences of abdominal obesity may be due in part to the anatomic locations and metabolic characteristics of visceral fat, such as the proximity to the portal system and the higher lipolytic activity associated with greater sensitivity to ␤ 3 -adrenergic stimulation and lower sensitivity to insulin (14, 50, 81, 83, 86) . However, it is unclear what determines the metabolic characteristics of anatomically distinct adipose tissues and how body fat distribution is influenced by genetic and environmental factors, and by age and sex. The results of the present study suggest that genetic and/or epigenetic modifications in adipocyte progenitor cells may mediate some of the sexual dimorphism in adipocyte metabolism. It is conceivable that genetic and/or epigenetic modifications in adipocyte progenitor cells may also play a role in determining depot-related metabolic differences (6, 23) . Our results also suggest that adipocyte progenitor cells are likely produced or stored locally. Thus, the turnover and renewal of adipocytes, which occur continuously throughout life (76), could be influenced or limited by the proliferative capacity or the size of the repository of progenitor cells in a depot-specific manner. Depletion of the progenitor cells in obese and aging individuals may affect adipose tissue renewal and storage capacity, which may, in turn, lead to elevated circulating levels of free fatty acids, insulin resistance, and ectopic fat deposition. The preadipocyte transplantation technique described here is a useful experimental paradigm for characterizing and quantifying the respective roles of cell-autonomous functions, both genetic and epigenetic, and environmental factors (both hormonal and neuronal) in regulating adipocyte biogenesis and metabolism.
